A model for analyzing test day records including both fixed and random coefficients was applied to the genetic evaluation of first lactation data for Holstein cows. Data comprising 87045 test-day milk yield records from calving between 1997 and 2001 from Holstein herds in 10 regions of the Brazilian state of Minas Gerais. Six persistency of lactation measures were evaluated using breeding values obtained by random regression analyses. The Wilmink function was used to model the additive genetic and permanent environmental effects. Residual variance was constant throughout lactation. Ranking for animals did not change among criteria for persistency measurements, but ranking changes were observed when the estimated breeding value (EBV) for persistency of lactation was contrasted with those estimated for 305-day milk yield (305MY). The rank correlation estimates for persistency of lactation and 305MY were practically the same for sire and cows, and ranged from -0.45 to 0.69. The EBVs for milk yield during lactation for sires producing daughters with superior 305MY indicate genetic differences between sires regarding their ability to transmit desirable persistency of lactation traits. This suggests that selection for total lactation milk yield does not identify sires or cows that are genetically superior in regard to persistency of lactation. Genetic evaluation for persistency of lactation is important for improving the efficiency of the milk production capacity of Holstein cows.
Introduction
Milk production traits have traditionally held the leading position as regards selection goals but in dairy cattle breeding the emphasis is gradually shifting from increasing volume to improving the efficiency of production. Increasing attention has also been paid to other traits that are helpful for improving the management of dairy herds and for increasing the efficiency of breeding schemes. Functional traits must also be considered in selection, because these traits have a direct impact on total economic merit (Groen et al., 1997) .
The recent recognition of the importance of functional traits in cattle and the possible role of such traits in avoiding deterioration and possibly improving functional traits during breeding has stimulated research in many countries (Interbull, 1999) . For example, in the European Union increased milk production is not economically advantageous due to the existing quota system (Gengler, 1996; Tekerli et al., 2000) . Although most of the incomes of European breeders are generally derived from the sale of milk, they realize that single trait selection for milk yield will not necessarily yield for them the optimal genetic response in overall economic merit and profit potential. Therefore, there is a demand for the genetic evaluation of other traits to aid in selection decisions. Breeders try, among other measures, to reduce the costs of production by improving persistency of lactation (Tekerli et al., 2000) .
Persistency of lactation can be defined as the ability of a cow to maintain milk production after peak yield, with cows being persistent if they tend to maintain their peak yield within a lactation period. Improved persistency of lactation can contribute to reducing the cost of the production system because lactation persistency is associated with feeding and health costs, reproductive performance, resistance to disease and the return from milk considering a 305-day production cycle (Sölkner and Fuchs, 1987; Dekkers et al., 1996 Dekkers et al., , 1998 . It may be desirable to select for increased persistency without increasing peak yield, the latter subjecting the cow to undesirable stress, health and fertility problems (Kruip et al., 1996) .
Although the notion of persistency of lactation yield seems clear, definitions are inconsistent (Grossman et al., 1999) and no consensus has yet been reached. Definitions based on the ratio between milk yields at different stages of lactation or on differences between milk yields at test-days during lactation are arbitrary and do not unique characterize persistency because such parameters are not invariant with respect to the time period chosen (Rekaya et al., 2001) .
Several measurements of persistency have been proposed (Sölkner and Fuchs, 1987; Jaromzik et al., 1997; Jakobsen et al., 2002; Cobuci et al., 2004) but the procedure most widely used today to measure lactation persistency is based on the byproduct of the random regression test day model. These models have been extensively applied to the evaluation of milk production traits since they allow a more precise assessment of the environmental effects acting on these traits. The use of the random regression test day model not only improves the accuracy of genetic evaluations but can also evaluate persistency because the estimated breeding value (EBV) for various parts of the lactation can be calculated (Jamrozik et al., 1997) .
In this study we evaluated six different measures for describing persistency of lactation in Holstein cows in order to assess the most suitable of these measures for use in random regression test-day models for the genetic evaluation of persistency of lactation. Data were edited for test-day records between 6 and 305 days in milk (DIM) of first parity cows and calving between 18 and 48 months of age. After applying these criteria 87,045 records from 11,023 first lactation cows, daughters of 936 sires in 251 herds from Minas Gerais State were available for analyses.
Material and Methods
We defined four age at calving classes (20 to 24, 25 to 29, 30 to 34 and 35 to 48 months) and four calving seasons (January through March, April through June, July through September and October through December) and combined them to produce 16 age-season classes. Cows in the same herd, year and month of milk recording defined the contemporary group fixed effect. The model used for test-day milk yield was: , for t = days in milk.
It was assumed that
where G is the genetic covariance matrix of the random regression coefficients, assumed to be the same for all cows; A is the additive genetic relationship matrix among animals; ⊗ is the Kronecker product operator; P is the permanent environment covariance matrix of the random regression coefficients, assumed to be the same for all cows; R I = σ e 2 , for I an identity matrix, and σ e 2 the residual variance assumed to be constant throughout the lactation.
The solutions for the additive genetic random regression coefficients of animal j are represented as
3 . The estimated breeding value (EBV) of animal j in the t th DIM is obtained by According to these expressions low values of PS 1 (Jamrozik et al., 1997) , PS 2 (Jakobsen et al., 2002) , PS 3 (Jakobsen et al., 2002) , PS 4 (Jamrozik et al. (1997) and PS 6 (Cobuci et al., 2004) indicate high persistency of lactation, which is the case for a high value of PS 5 (Jakobsen et al., 2002) .
The solutions for random regression coefficients for each animal were obtained by the restricted maximum likelihood method using the expectation maximization algorithm (EM) of the REMLF90 program (Misztal, 2001 ). The convergence criterion was 10 -9 .
Results and Discussion
The average, standard deviation (SD) and range of the EBVs for each measure of persistency, 305-d milk yield (305MY) and random regression coefficients of the 936 sires included in the analyses are given in Table 1 . The averages and SD of the EBVs for the measurements of persistency increased from PS 2 to PS 5 . The average EBV was negative for PS5, which showed a similar SD to PS4 and reflects the way that the EBVs were measured. Overall, similar magnitudes in the range of the EBVs were observed for the PS 2 , PS 3 , PS 4 and PS 5 persistency measures. This similarity might be have been due to the fact that the measures were calculated based on EBVs for milk yield during different lactation periods. In contrast, the PS 1 and PS 6 measures were estimated based on the differences between the EBVs for milk yield on two test-days during the lactation, with PS 6 differing from PS 1 by assuming that the peak yield of Holstein cows under tropical conditions is reached after 60 days of lactation.
Substantial variation in the magnitude of the genetic random regression coefficients of the Wilmink function for milk yield was observed among sires, indicating the possible presence of genetic variation in the shape of the lactation curves of sires and daughters. The a 1 coefficient corresponds to the initial milk production, the a 2 coefficient expresses the rate of decline in milk production after peak yield and the a 3 coefficient represents the rate of increase in milk production gain until peak yield. The estimates of the genetic random regression coefficients for the top ten sires with more than 25 daughters ranked for milk yield are given in Tables 2.
The EBVs for the 305MY of the top ten sires with more than 25 daughters and their corresponding EBVs for each measure of persistency of lactation are given in Table  3 , from which it can be seen that there are differences in the ranking of sires regarding the persistency measures and milk yield. Rank correlation between sire and cows EBVs for persistency and 305MY are given in Table 4 . Correlations between EBVs for persistency of lactation were larger than 0.89 for both sires and cows suggesting that, in general, the different measures of persistency evaluated in this study provided similar ranking. However, correlation as low as 0.89 might indicate serious re-ranking for the top animals. The PS 5 and PS 6 measures of persistency were recommended by Cobuci et al. (2004) for the genetic evaluation of cattle because these measures showed weaker genetic correlations (-0.31 and 0.31) with 305MY. The rank correlation between EBVs of sires for these two measures of persistency was -0.99. The dispersal of EBVs of sires with more than 25 daughters ranked for PS 5 and PS 6 follows a straight line, indicating that, with very few exceptions, the two measures of persistency rank sires equally (Figure 1) .
Rank correlation estimates between persistency of lactation and 305MY differed among persistency measurePersistency of lactation in Holstein cows 351 ments and were dependent on the way persistency was defined (Table 4 ). The lowest rank correlation estimates between persistency of lactation and 305MY were obtained for PS 5 and PS 6, for both sires (-0.46 and 0.46) and cows (-0.45 and 0.45), and, as expected, agree with the results of Cobuci et al. (2004) . These estimates demonstrate the weak association between production and persistency of lactation; thus, cows with the same milk production may present different levels of persistency of lactation (Gengler, 1996; Jamrozik et al., 1998; Van Der Linde et al., 2000) . These estimates also indicate that animals with larger EBVs for persistency of lactation are not exactly the same as those with larger EBVs for 305MY. Except for PS 2 , the rank correlation estimates between persistency and the genetic random regression coefficient a 2 for sires and cows were close to unity, confirming that a 2 is also a measure of persistency of lactation. Rank correlation between a 2 and MY305 was 0.45, the same value obtained for the estimates between MY305 and PS 5 and PS 6 .
The dispersal in ranking of 88 sires with more than 25 daughters is shown in Figure 2 for 305MY and PS 5 and Figure 3 for 305MY and PS 6 , the best sires for 305MY and persistency being shown in the lower left corner of these figures. The top five sires for 305MY ranked 82, 83, 72, 70 and 87 for PS 6 while, in contrast, the top five sires for PS6 ranked 62, 40, 61, 88 and 8 for 305MY.
The percentage of sires or cows in common according to increasing levels of selection for persistency of lactation and 305MY are given in Figure 4 for sires and Figure 5 for 352 Cobuci et al. cows. At high selection intensities (<10%) there are few animals in common but, as expected, the percentage increases as the percentage of animals selected for 305MY increases. There were no significant differences between the PS1, PS3, PS4, PS5 and PS6 measurements, while the PS2 measurement showed the lowest percentages of animals in common.
The EBVs for milk yield across lactation for the top five sires for high 305MY with more than 25 daughters are shown in Figure 6 . The EBV curves indicate genetic differences between the best top five sires selected for the milk yield. Similarly, the EBVs for milk yield across lactation of the top five sires ranked for PS 6 are given in Figure 7 , which also shows the genetic differences between sires in terms of the persistency of lactation of their daughters. Thus, comparison between the EBVs of sires for persistency or milk yield across lactation (Figures 6 and 7 ) reveals that the curves differ for sires with higher EBV for 305MY or PS 6 , confirming the weak association between 305MY and persistency of lactation. Additionally, the top five sires (SM1 to SM5) for 305MY ranked respectively 82, 83, 72, 70 and 87 for PS 6 while, in contrast, the top five sires (SP1 to SP5) for PS6 ranked 62, 40, 61, 88 and 8 for 305MY.
The trends in estimated breeding values of sires and cows across lactation according to the year of birth of the cows is shown in Figure 8 , from which it can be seen that there is a clear difference in average EBVs across the years. In the earlier years the curves are flat, and differences become clear (particularly after early lactation) in the last three years, indicating a positive trend regarding improved 305MY. Average EBVs of sires for persistency of lactation and 305-day milk yield according to the birth year of cows is shown Table 5 . Figure 9 clearly demonstrates a positive trend for milk yield, but no significant trend in average EBVs of sires for persistency in the 1993-1999 period.
Overall, these results indicate that an increase in 305MY may not lead to improvement in the level of persistency of lactation unless selection for 305MY also takes Persistency of lactation in Holstein cows 353 into account the selection of animals that show higher levels of persistency of lactation. An increase in 305MY might be obtained by the selection of animals that show higher levels of persistency of lactation, which means select cows with a reduced rate of decline in daily milk yield after peak lactation. Previous studies have investigated the effectiveness of different measures of persistency as selection criteria in improvement of persistency of lactation and milk yield simultaneously (Togashi and Lin, 2004 ) but other studies have introduced doubts regarding whether the days-open effect (Stanton et al., 1992; Dedková and Nemcová, 2003) or does not effect (Van der Linde et al., 2000) the shape of the lactation curve. Additional research is still needed to identify alternative models to fit test-day data. A Canadian study by Kistemaker (2003) has indicated that test-day models using Legendre polynomials allow for more variability than models using the Wilmink curve. Orthogonal polynomials are most appropriate for the covariates in the random regression model (Schaeffer, 2004) , while Jakobsen et al. (2002) has reported that a four-order Legendre polynomial best fitted the data for persistency of milk yield.
Our results confirmed the weak association between 305MY and persistency of lactation. From the six measures of persistency evaluated in this study, the performance of PS5 and PS6 were very similar and emerged as the most appropriate when applied to describe persistency or milk yield of the Holstein breed in Minas Gerais State, and are thus potential criteria for use in the genetic evaluation of persistency. However, further studies are needed to evaluate other functions for their ability to model the lactation curve and the effectiveness of measures of persistency as selection criteria for the simultaneous improvement of lactation milk yield and lactation persistency. 
